The International X-ray Observatory mission is a collaborative effort of NASA, ESA, and JAXA. It will have unprecedented capabilities in spectroscopy, imaging, timing, and polarization measurement. A key enabling element of the mission is a flight mirror assembly providing unprecedented large effective area (3 m 2 ) and high angular resolution of (5″ half-power diameter). In this paper we outline the conceptual design of the mirror assembly and development of technology to enable its construction.
REQUIREMENTS AND MIRROR ASSEMBLY DESIGN CONCEPT
The international X-ray Observatory (IXO) is a collaborative mission of NASA, ESA, and JAXA. It is a revolutionary step forward in X-ray spectroscopy and imaging from the state of the art represented by the three current X-ray observatories: NASA's Chandra, ESA's XMM/Newton, and JAXA's Suzaku. Table 1 is a list of key requirements that the mission imposes on the X-ray mirror assembly. Mirror assembly by itself as tested and verified on the ground, leaving ample margin for spacecraft and detector systems
Operating temperature 20±1 ° C The mirror assembly is shielded thermally on all but the bore-sight side; On the bore-sight side its exposure to space is limited to about 1 square degree with collimators Survival range 10°C-30°C The mirror assembly can be cycled in this temperature range without performance degradation
The size of the flight mirror assembly (FMA), both in terms of mass and diameter, dictates a segmented design as that of the Suzaku mirror assemblies. It is practically infeasible to construct integral mirror shells as large as 3.8-m diameter the way that the Chandra and XMM/Newton mirror assemblies were constructed. We have adopted a design (shown in Figure 1 ) that divides the entire FMA into three concentric rings in the radial direction: inner, middle, and outer. The inner ring is further divided into 12 sectors along the azimuth, each spanning 30°. The middle and outer rings are each divided into 24 sectors, each spanning 15° in azimuth. Figure 1 . The baseline design FMA. It has a total of 60 modules integrated to an overall support structure. The outermost shell has a diameter of 3.2m. The focal length is 20m.
The stringent angular resolution requirement dictates the use of a Wolter-I optical design in which the primary mirrors are parabolic and secondary hyperbolic. A design using the conical approximation would leave little error margin for the mirror fabrication and construction process.
The large effective area (3 m 2 ) in comparison with the available mass budget (1750 kg), in combination with the grazing incidence nature of X-ray optics, dictates that both the areal density and geometric thickness of the mirror segments themselves must be small: on the order of ~1 kg/m 2 and ~0.4 mm, respectively. We have adopted a glass slumping technique to make the mirror segments. These glass segments have a surface areal density of 1 kg/m 2 and a thickness of 0.4 mm. Combining the size of commercially available glass sheets and interferometers apertures, we have adopted 200 mm for the axial height of each mirror segment, either parabolic or hyperbolic. Table 2 presents the key parameters of the modules. Given the above division of the FMA into 60 easily manageable modules, the construction of the FMA is reduced to: (1) the construction of the 60 modules and (2) the alignment and integration of these modules into the FMA.
The alignment and integration of the modules into the final FMA requires precision engineering and planning. We envision that we will start with a platform constructed of carbon composite material for its high stiffness and light weight. Each module is aligned under the monitoring of an optical beam. After both its position and orientation have been optimized, it is permanently attached to the platform at three locations with well-designed and optimized flexures that minimize distortion. While this process needs to be carefully engineered and conducted and new facilities may need to be constructed, no new technology is needed. Similar alignment and integration work has been done many times for past missions, some of which are X-ray observatories. For example, the alignment and integration of the three mirror assemblies of the XMM/Newton observatory was substantially the same process.
On the other hand, the following new techniques are needed for the construction of the mirror modules: (1) fabrication and qualification of the mirror segments, and (2) mounting, alignment and bonding of mirror segments into the module housing. In the rest of these paper we will discuss the issues related to the construction of modules and the approaches we have adopted to address them.
TECHNOLOGY DEVELOPMENT
The objective of this technology development 1 is the creation and maturation of unique techniques required for the construction of the FMA. The technology based on the precision slumping of thin glass sheets has already met all requirements except the angular resolution requirement. Our development is refining every aspect of the technology to improve its angular resolution. Table 3 is a high-level figure error allocation for each step of the process. Each step is described in detail. 
3.6″ (two reflections)
Based on optical metrology or full illumination X-ray measurement; The alignment process contributes 1.2″ to the two-reflection HPD
Mirror module as built and tested on the ground ( §3)
3.8″ (two reflections)
Based on full illumination X-ray measurement; Module structure distortion due to gravity, thermal distortion, and inter-mirror-shell alignment etc. combine to contribute 1.2″ to the two-reflection HPD Flight mirror assembly as built and tested on the ground ( §4)
4.0″ (two reflections)
Based on partial X-ray tests and on optical alignment data and modeling and analysis; The co-alignment of modules contributes 1.2″ to the FMA's final HPD
2.1
Mirror segment fabrication FMA requires an unprecedented physical mirror area: ~1000 m 2 . The practically feasible way of making such a large area is using replication. We have adopted a glass slumping technique that we believe will meet all the IXO requirements. Table 4 compares the IXO mirror segments with the mirror shells of the XMM/Newton. Forming mandrels IXO needs 361 pairs of mandrels. Each pair consists of a parabolic primary and a hyperbolic secondary. Each mandrel is part of a surface of revolution. As such, it is very modest in size: 300mm in the optical axis direction and ranging from 300mm to 500mm in the azimuthal direction. The total gross mandrel area is approximately ~70 m 2 with a clear aperture area of ~50 m 2 that must meet the figure requirement of 1.5″ (one reflection).
Extensive technology and expertise exist in industry and a number of government institutions to easily meet the mandrel figure requirements. Polishing technologies developed in the last decade or so have made the mass production of these mandrels feasible both in terms of cost and schedule. The IXO project plans to issue a call for proposals at an appropriate time to invite industry to put forward plans to manufacture these mandrels.
As part of mirror technology development, we are making a small number of forming mandrels at both Goddard and Marshall Space Flight Centers so that we can develop the mirror fabrication technology. As of June 2009, we have successfully fabricated two fused quartz mandrels that meet the 1.5″ (one reflection) requirement. We expect to continue the small scale fabrication process until the middle of 2010 to complete three pairs of mandrels.
Slumping
The replication process is illustrated in Figure 2 . The glass used is commercially available Schott D263 sheets of 0.4 mm thickness. The entire process is simple and straightforward. The key to the success of this process is a clean environment and a smooth release layer that is necessary to prevent the glass sheet from adhering to the fused quartz mandrel surface.
As of June 2009, we have been able to consistently replicate glass substrates with a figure quality of ~10″. This is within a factor of 4 of the requirement (cf. third row of Table 3 ). The mandrel figure and the release layers are major contributors to the 10″ figure quality: each contributing approximately 7″. In the next two years we will be using newly finished mandrels and improving the mandrel release layer so that each of these contributions will be reduced to approximately 1.5″, resulting in mirror substrates of approximately 2″ (one reflection). Figure 2 . A graphic illustration of the glass slumping process (left panel). A flat sheet of glass is placed atop a precision figured forming mandrel. As the temperature ramps up from room temperature to near the glass sheet's transition temperature, the glass sheet deforms and sags under its own weight to conform itself to the mandrel, replicating its figure. The right panel shows two mandrels with substrates on them that have come out of the oven.
2.1.3
Post-Slumping Cutting After slumping, each substrate is cut to the size required for alignment and bonding into its module's housing. Currently we use a template that has been designed and precisely fabricated for each mandrel size. The template references the mandrel's edge to enable accurate marking of the substrate while it is still on the forming mandrel. This process ensures the proper orientation of the substrate's optical axis with respect to the substrate's edges.
A hot-wire glass cutting technique was invented to cut the substrate along the marks made using the template, as shown in Figure 3 . This process has proven to produce the required dimensionally precise (~50 µm) and fracture-free edges. Figure 4 shows a comparison of glass edges resulting from three glass cutting techniques-(1) a laser cutter; (2) a diamond (or carbide) tip; and (3) the hot-wire cutter. The hot-wire technique results in facture-free edges meeting IXO requirements. No further development is necessary. 
2.1.4
Coating Bare glass surfaces need to be coated with ~15 nm of iridium to enhance their X-ray reflectivity, thereby increasing their effective area. In general, sputter coating has a higher density than evaporative coating, which translates into a higher Xray reflectivity. We have successfully sputtered glass substrates with an iridium coating that meets microroughness requirements using equipment shown in Figure 5 . The issue to be addressed is the reduction of coating stress that distorts the mirror figure. Our baseline is to first sputter a layer of chromium on the bare glass and then a layer of iridium. Under typical coating conditions, the chromium layer and the iridium layer have stresses of opposite signs, therefore canceling out each other and resulting in nearly zero-net stress to the mirror substrate. Recent work by David Windt (private communication) has experimentally demonstrated the practicality of this approach. 
2.1.5
Metrology The objective of mirror segment or substrate metrology is to completely measure all the parameters of each mirror segment accurately and with acceptable speed (to accommodate the eventual mass production schedule). Metrology provides necessary feedback to the mirror fabrication process, as well as providing a "free-standing" figure baseline for the mirror segment, against which the subsequent steps of mounting, alignment, and bonding can be measured.
As of May 2009, we have procured and commissioned all necessary equipment to measure completely and definitively each mirror segment: (1) a 10-inch aperture high speed interferometer; (2) two cylindrical null lenses and associated rotational and translational stages; (3) a cylindrical coordinate measuring machine; (4) a vertical long-trace profilometer (VLTP); and (4) a Zygo NewView 5000 profilometer for microroughness measurement. When a mirror segment is properly supported, all of its parameters can be easily measured with the existing equipment. The crucial area of work is in understanding the mirror segment support while it is being measured. Currently we have two ways of supporting a mirror segment: (1) Cantor-tree mount (see Figure 6 ) and (2) Suspension mount (see Figure 7) . We will systematically model each of these two methods and conduct experiments to quantitatively compare the measurement results from the two independent and rather dissimilar methods. We will also conduct finite element analysis to quantitatively account for any systematic difference, which is most likely caused by gravity.
Our strategy is to first achieve repeatability and then understand and reduce systematic uncertainties. Systematic uncertainties include wave front error of the null lens, distortion of mirror segment by gravity and other repeatable forces.
2.2
Mounting, Alignment, and Bonding After a mirror segment has been fully measured and characterized and otherwise qualified, it is to be mounted, aligned, and bonded into a mirror module housing structure. This process of mounting, aligning, and bonding must meet two distinct requirements:
1. It must preserve or maintain the optical figure of the mirror segment, and 2. It must provide enough support and stability such that the mirror segment can withstand the launch loads without degrading its optical or mechanical integrity.
We are pursuing in parallel two independent developments based on different philosophies: a passive, or traditional, method and an active method. The passive method seeks to preserve the figure of the mirror segment throughout the bonding process, while the active method seeks to improve the mirror segment figure using actuators prior to bonding.
In December 2010, when both the passive and active approaches have reached TRL-5, we will conduct a comprehensive technical review of the two developments and take stock of the lessons learned and techniques developed from both approaches and select the method that is better in all four aspects of mounting, alignment, and bonding: (1) accuracy, (2) speed, (3) cost, and (4) compatibility with requirements at higher system levels.
2.2.1
The Traditional Approach The passive method 3 follows the traditional opto-mechanical practice of minimizing stresses external to the mirror segment, which distorts optical figure. These stresses can be minimized by carefully limiting the forces which interface with the mirror. Good opto-mechanical designs seek to hold the mirror in its "free state" using kinematic mounts which constrain a mirror in six degrees of freedom. The passive approach uses the precision figure of the mirror segment as the guide throughout the mounting, alignment, and bonding process. We will meet the figure requirement by examining the steps involved in bonding a mirror and minimizing the error contribution of each step using standard engineering practices.
The passive method is a three-step process for each mirror segment:
1. Mounting: The first step is to mount and bond the mirror segment temporarily onto a strongback, as shown in Figure 7 , converting the flexible mirror segment into a de facto rigid body that can be handled, characterized, transported, and aligned. Small screws with rounded tips are threaded through a strongback. The screw tips are wetted with epoxy and the strongback is slowly adjusted into position with optical stages so that the tips of the screws contact the mirror surface at the same time. Once the epoxy has cured, the strings supporting the mirror are cut and removed, and the mirror is now held by the small (1-2mm diameter) epoxy bonds to the strongback. 2. Aligning: The mirror segment is located and aligned properly in position and orientation using precision stages under the monitoring of an optical beam with grazing incidence Hartmann tests. This step is simple and easy since the mirror segment is effectively a rigid body. 3. Bonding: Once alignment is achieved, the mirror segment is bonded at several locations permanently to the module housing structure. The transfer process from temporary bonds to permanent bonds is shown in Figure 8 . The requirement on this process is to permanently bond the mirror segment at several points without introducing stress or displacement so that, when the temporary bonds are removed, the mirror segment does not suffer either any displacement which degrades alignment, or any distortion which degrades figure error. 4. Removing the transfer mount: After the permanent bonds have cured, the temporary bonds to the transfer mount are released and the transfer mount is removed. (1) suspended mirror with strongback; (2) strongback bonding pin interface with mirror; (3) strongback holding a mirror via bonded pins. Once a mirror segment is bonded to the strongback, shown in the lower-right picture, it can easily transported, aligned, and otherwise manipulated using any number of standard optical techniques.
2.2.2
The Active Approach The active approach 4 takes advantage of the flexibility of the mirror segments to adjust the average cone angle and cone angle variation. In this approach, radial displacements produced by actuators at the mirror segments' forward and aft ends are used to correct the mirror segments' tilt errors (pitch and yaw) and adjust cone angle to minimize the alignment aberrations of focus error and coma. After achieving the best possible focus, the mirror segment is permanently bonded to the module housing structure. After the permanent bonds have cured, the actuators are disengaged and removed.
The active approach supports each mirror segment at 10 locations, five equally spaced at each of the forward and aft ends. All the actuators drive in the radial direction. Using this ability to warp and tilt a mirror segment, along with a Hartmann test as in-situ alignment metrology, we can adjust a mirror segment to minimize aberrations at the nominal focal plane prior to bonding the mirror in place. It is important to note that while there is no real adjustment freedom for mirror de-center or average radius error, these errors produce coma and focus error, which can be corrected with much smaller mirror motions via tilts and cone angle changes, respectively. Thus, we have the capability to correct mirror alignment errors due both to the installation of the mirror in the housing, as well as due to potential focal length errors.
The active approach consists of four steps for each mirror segment: mounting, adjusting, bonding, and removing actuators. Mirror bonding clips (Figure 8 ) are separately epoxied to each end of the mirrors at the appropriate locations. (This can be done off-line on a separate bonding fixture). The primary mirror is positioned in its housing at approximately the correct distance from the system's optical axis, using a coordinate measuring machine (CMM) with a few-micrometer accuracy. Nano-actuators are affixed to the aft end of the primary (see Figure 9 ) and are adjusted to minimize radial runout of the primary aft end. Once that is accomplished, the bonding clips are epoxied to the rails. After the epoxy is cured, the adjusters are decoupled from the bonding clips and removed. Once the aft end of the primary mirror is bonded, adjusters are attached to the bonding clips at the forward end and are coarse adjusted using the CMM. . A view of the nano-adjusters and the housing rails. Note the wires coming from the nano-adjusters; the adjusters are computer controlled-a feature that lends itself to a feedback-controlled closed-loop alignment system. Note that a mirror is installed in this housing.
At this point, alignment proceeds using a scanning Hartmann test, with the centroid detector assembly (CDA, like that used to align the Chandra mirrors). Alignment of the primary is geared to three purposes: (1) aligning the segment's optical axis to the system's optical axis by minimizing off-axis coma; (2) adjusting the segment focal length to the correct value and centering the segment to the optical axis (via the CMM); and (3) minimizing the cone-angle variation error at the focal plane by adjusting the actuators. This last operation serves two purposes. First, it removes any cone angle variation imparted by using the CMM to locate the aft attachment points of the mirror. Second, it allows us to correct low-frequency (≲2 cycles/segment width) cone angle variation, improving segment's figure.
In order to align multiple shells of mirrors, the next alignment step would be to repeat the process with the next radially inboard primary mirror. This allows the primaries to be made confocal. Then, the process is repeated for the outermost secondary mirror, wherein the CMM alignment and bonding process is used for the forward end of the secondary. Now, when aligning the aft end of the secondary using the adjusters and (CDA) Hartmann test, we adjust the secondary mirror tilts to minimize coma resulting from misalignment of the secondary to the primary (a much more sensitive source of error than off-axis coma for the primary). Focus is adjusted for the secondary to get the mirror pair to focus at the correct system focus. And again, lastly, we can adjust the actuators individually to attempt to minimize cone angle variation. The secondary is then bonded, the adjusters removed, and one moves on to the next inner primary segment. In this way the alignment order is P1 (outermost primary), P2 (second outermost primary), S1, P3, S2, …, always allowing us to make the primary mirror confocal prior to aligning the secondary segment. We also note that this approach allows the reflective surface of the mirror under alignment to be exposed to normal-incidence optical metrology. This enables us to measure the final mirror figure of the as-bonded, aligned mirror segment. Lastly, the entire alignment operation is performed with the optical axis vertical (Figure 10) . This minimizes the self-weight-distortions due to gravity. We have successfully aligned and bonded a single pair of mirror segments (see Figure 10) . The alignment precision is consistent with budget requirements. Figure measurements are being made, and it is necessary to demonstrate that any figure degradation is at acceptable levels or less. Repeating the process is required. During the alignment process we have demonstrated the following:
1. Focus can be corrected deterministically by adjusting secondary mirror cone angle in a convergent process of Hartmann metrology, compute focus error, compute required adjuster motions, adjust, and re-measure. 2. Adjuster motions as described earlier herein can be used to correct for coma introduced by secondary to primary misalignments, including both pitch and yaw, similarly in a deterministic and convergent process. 3. Alignment does not change as a result of bonding and the removal of the actuators. 4. Mirror response to adjuster motions is repeatable to within measurement accuracy (sub-arcsecond), and predictable such that the adjustment process converges in 2 to 3 iterations at most. 5. Segment pair cone angle variation error (delta-delta-radius error) can be corrected using the adjusters -~ 1/3 the effective azimuthal figure error was corrected as part of the alignment. 6. Alignment metrology met system level allocated errors. 7. Mirror alignment met system level allocated errors.
Enhancements to the active alignment hardware will be necessary for the alignment and mounting of multiple shells, and X-ray and environmental testing. These include modification of bonding rails to allow mounting of more than one mirror pair, and development and fabrication (as required) of interface hardware for X-ray and environmental testing. Developmental activities will include: replacing the large actuators with much smaller ones; proper cable dressing, to minimize actuator loading of the structure; improved thermal control of the alignment; incorporation of in-situ (to the vertical test tower) figure metrology, and the procedural development activities necessitated by aligning multiple shells for the first time. We also will develop the closed-loop feedback control system, wherein data acquired by the Hartmann test is used to calculate adjuster motions, and those motions are then commanded by the central computer. Once the motions are complete, a new Hartmann scan will be automatically initiated and the results updated.
Similar to the development of the passive method, the active method development is carried out in three phases. In the first phase, we will achieve repeatability in bonding single mirror segments, improving or at least preserving their optical figure and achieving good focus. In the second phase, we will actuate and bond single mirror pairs to demonstrate that we can align and bond two mirrors simultaneously to achieve both good figure and focus, doing so with repeatability.
In the third phase, we will install multiple pairs (at least two) of mirrors into a housing that are substantially similar to a flight housing but it is not lightweighted to save money and time. It will serve to demonstrate that not only multiple pairs can be co-aligned by adjusting the focus of individual mirrors, but also that the small amount of stress imparted on the mirror segments do not affect their neighbors' alignment.
MIRROR MODULE DESIGN AND PERFORMANCE ANALYSIS
Each mirror segment, once fabricated and properly measured and qualified, will be installed into a module housing, using the alignment and bonding techniques that have been developed in Section 2. The module housing structure is responsible for several important functions: (1) to enable the mirror segments to withstand the launch acoustic and vibrational environment; (2) to maintain a thermal and mechanical environment for the mirror segments to achieve their optical performance; (3) to enable each mirror module to be tested on the ground in both an optical beam and an X-ray beam with proper accounting of gravity effects; and (4) to interface and co-align with other modules.
Preliminary finite element analyses and vibro-acoustic tests have shown that the mirror segment can withstand expected launch loads with a factor-of-3 margin if it is bonded to the module housing at 8 locations, 3 each along its two azimuth sides and 1 each on the forward and aft end.
The module 5 is engineered with strategically located thermistors that are programmed to heat the module when necessary maintain bulk temperature and to minimize temperature gradients across the module. Preliminary finite element analyses have shown that required bulk temperatures and temperature gradients can be easily met with a standard thermal design. In the next couple of years we will conduct further analysis and test a module populated with glass segments to quantitatively verify all aspects of the analyses.
Another important consideration as part of the module design is that each module must be tested in a horizontal X-ray beam. As such the module needs to be able to maintain its angular resolution in this non-optimal orientation. Mechanism needs to be designed and tested to off-load the gravity load. Gravity distortion needs to be analyzed and understood accurately enough to allow unambiguous prediction of the module performance on orbit where there is no gravity.
Finally the module design needs to be optimized for its interface with the FMA platform to which it will be aligned and attached. At present time we are considering attaching the module to the FMA platform at three locations with optimized flexures, minimizing interaction with and distortion by other modules.
FLIGHT MIRROR ASSEMBLY
The 60 mirror modules will be aligned and attached to a structure to form the flight mirror assembly (FMA). The structure will be probably made of carbon composite, like M55J/94-3, into a wine-box construction to achieve the maximum possible stiffness with the lowest possible mass.
A preliminary detailed design analysis has shown that this structure takes up about 25% of the total FMA mass budget and has a first torsional mode at 16 Hz, both of which actually meet requirements. In the next few years, more design and analysis work will be focused on a complete and quantitative understanding of this structure under different gravity configurations so that its on-orbit properties can be accurately predicted.
